INTRODUCTION {#s0}
============

The gastrointestinal tract faces countless luminal threats, including those presented by noxious substances, commensal bacteria, and/or pathogens. The first line of innate host defense is the intestinal mucus layer that spatially separates these threats from the single layer of epithelial cells tasked with nutrient absorption ([@B1]). In the colon, the mucus layer is composed of an inner firmly adherent layer that is impenetrable to microbes and a looser outer layer that is heavily colonized with indigenous bacteria ([@B2]). Owing to its composition, the mucus layer acts a decoy to sustain biofilm growth of commensal bacteria due to the primary component (MUC2 mucin) being extensively glycosylated ([@B3]). MUC2 is a high-molecular-weight polymeric protein with extensive O-linked galactose, N-acetylgalactosamine, and N-acetylglucosamine components with terminal fucose and sialic acid glycans ([@B4], [@B5]). In addition to microbes binding to the mucus layer via lectin interactions, it also serves as a food source and is readily degraded ([@B6]). Replenishment and maintenance of the mucus layer are facilitated by the goblet cells that produce and store MUC2 within secretory granules. Mucus is secreted constitutively to maintain epithelial barrier function and is inducible when goblet cells sense a threat such as that presented by an invading pathogen ([@B7], [@B8]). Loss of the protective roles of mucin, such as in *Muc2*^−/−^ mice, leads to epithelial distress, tight junction permeability, and a proinflammatory response elicited by the host immune system as a secondary defense mechanism for protection from luminal threats ([@B9], [@B10]). Given the immense importance of the mucus layer in maintaining homeostasis, little is known about the mechanism of mucin release from intestinal goblet cells. Historically, numerous studies have alluded to exocytosis as a likely candidate for mucin secretion ([@B11], [@B12]).

Classical exocytosis involves coordination of soluble NSF (N-ethylmaleimide-sensitive factor) attachment protein receptors, SNAREs, to carry out vesicle-membrane fusion events. R-SNAREs, predominantly vesicle-associated membrane proteins (VAMP) present on vesicles, bind to Q~abc~-SNARE complexes present on the plasma membrane following a stimulatory signal, allowing exocytosis of vesicle content ([@B13]). These Q~abc~ complexes are typically composed of the synaptosome-associated proteins (SNAP) and syntaxins whereby many SNARE chaperones mediate this core complex formation ([@B14]). Previously work on induced mucin exocytosis demonstrated a high dependency on kinases, specifically, protein kinase C (PKC), in facilitating mucin release in response to the mucosal pathogen *Entamoeba histolytica* ([@B15]). This protozoan parasite is responsible for amoebiasis and significant mortality in developing countries. *E. histolytica* has a unique interaction with mucin, allowing adhesion, degradation, and secretion of mucin. First, *E. histolytica* specifically binds to glycans in MUC2 through a 170-kDa adherence Gal/GalNAc lectin ([@B6]). Second, *E. histolytica* possesses specific cysteine proteases (CP5) that target MUC2 for degradation, allowing penetration of the mucus layer ([@B16]). This virulence factor is also critical in inducing mucus hypersecretion and depletion by binding to host integrins and inducing a signaling cascade involving focal adhesion kinase (FAK)/phosphatidylinositol 3-kinase (PI3K)/PKCδ ([@B15]). Breakdown of these protective mechanisms is fundamental in *E. histolytica* pathogenesis and leads to direct cytolysis of epithelial cells. Amoebic-induced cell death may occur either through trogocytosis, in which small bits of the plasma membrane of the host cell are ingested, or through the activity of the amoebapore. With the epithelial barrier compromised, intestinal macrophages then mount a robust proinflammatory response through activation of the NLRP3 inflammasome, leading to interleukin-1 alpha (IL-1α) and IL-1β release ([@B17]). The mechanisms governing mucin exocytosis in goblet cells remain to be elucidated despite its being a critical component in the innate host defense against pathogens. Here, we describe for the first time how mucin secretion for intestinal goblet cells follows classical exocytosis and interrogate the R-SNARE VAMP8 as the critical vesicle SNARE in facilitating its release in response to a pathogen. Loss of VAMP8 led to impaired mucin secretion, culminating in increased adherence of *E. histolytica* to epithelial cells. This ultimately led to apoptosis of host cells and a subsequent proinflammatory response, exacerbating *E. histolytica* pathogenesis.

RESULTS {#s1}
=======

VAMP8 facilitates mucin exocytosis and is specifically activated by *E. histolytica*. {#s1.1}
-------------------------------------------------------------------------------------

To understand the mechanism of robust mucin release from intestinal goblet cells following *E. histolytica* contact, we first utilized LS174T cells, which take on a goblet cell phenotype ([@B18]). We have previously shown that, following contact with *E. histolytica*, there is a signaling cascade that culminates in MARCKS phosphorylation ([@B15]). We observed the vesicle SNARE VAMP8 on the activated phospho-MARCKS-positive mucin granules, suggesting that VAMP8 participates in mucin exocytosis. To confirm this, VAMP8 was silenced in LS174T cells by the use of a lentivirus-inducible small hairpin RNA (shRNA). Upon doxycycline treatment, VAMP8-knockdown (KD) cells expressed TurboRFP, whereupon these cells were routinely subjected to fluorescence-activated cell sorter (FACS) analysis to obtain a highly silenced phenotype. In all experiments, uninduced LS174T cells that harbored the lentivirus construct were used and no knockdown of VAMP8 was observed. To elucidate a role for VAMP8 in facilitating mucin release, we metabolically labeled the glycans in mucin with \[^3^H\]glucosamine to monitor high-molecular-weight-mucin secretion by scintillation counting of the \[^3^H\]mucin. In accordance with our previous studies ([@B19]), *E. histolytica* induced robust secretion of mucin from controls at 2 h; however, VAMP8KD cells were significantly inhibited ([Fig. 1A](#fig1){ref-type="fig"}) with respect to their ability to release mucin. Additionally, basal mucin secretion in the absence of *E. histolytica* was also inhibited in VAMP8KD cells, suggesting that VAMP8 is critical in both agonist-induced and constitutive mucin secretion ([Fig. 1A](#fig1){ref-type="fig"}). Interestingly, the magnitudes of mucin secretion induced in response to *E. histolytica* compared to the basal level were analogous in LS174T and VAMP8KD cells, despite the damping of the absolute quantity of mucin released. This was likely due to incomplete knockdown of VAMP8 in LS174T cells, whereby constant magnitude changes indicated a lack of any compensatory mucin secretion mechanisms. To quantify signaling pathway specificity, the broad-scale PKC inhibitor bisindolylmaleimide I (BIM1) was used. BIM1 hindered mucin secretion in control cells by more than 50% and completely abrogated mucin secretion in VAMP8KD cells ([Fig. 1B](#fig1){ref-type="fig"}). At that dose and time point of *E. histolytica* infection, we routinely assay cell death to ensure that mucin release is truly the result of exocytosis and not of the release of cytoplasmic contents following cell death. By targeting two components of the mucin exocytosis machinery, VAMP8 and PKC, the secretion induced by *E. histolytica* could be completely blocked. The other SNARE proteins that we suspected of participating in exocytosis, specifically, SNAP23, syntaxin 3, and Munc18b, were not affected by VAMP8KD ([Fig. 1C](#fig1){ref-type="fig"}); however, aberrant expression of VAMP2 was often seen in VAMP8KD cells.

![VAMP8 facilitates mucin exocytosis and is specifically activated by *E. histolytica in vitro*. (A) shRNA lentivirus-inducible LS174T cells were placed in contact with *E. histolytica* (*Eh*) for 2 h and \[^3^H\]glucosamine-labeled mucin secretion quantified. VAMP8KD cells were compared to uninduced cells, where less mucin secretion was seen in VAMP8KD cells. (B) PKC inhibition by the broad PKC inhibitor bisindolylmaleimide I (BIM1) was hindered in both uninduced and VAMP8KD LS174T cells. (C) shRNA KD of VAMP8 was confirmed by Western blotting, where LS174T and uninduced VAMP8 cells displayed normal VAMP8 expression, in contrast to doxycycline (DOX; 2 µg/ml)-induced VAMP8KD cells, which had \>60% less VAMP8. The expression of other SNAREs was not affected by VAMP8KD. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (D) VAMP8 exocytosis was monitored by live-cell imaging using pHluorin, where the area colocalizing to MUC2 showed a time-dependent increase in GFP signal following infection with *E. histolytica*. Representative tracing from one ROI is displayed. AU, arbitrary units. (E) Indicative of classical exocytosis, VAMP8 translocated to lipid raft domains within the plasma membrane similarly to the mucin secretagogue PMA following infection with *E. histolytica*. \*\*\*, *P* \< 0.001.](mbo0051735160001){#fig1}

To assess VAMP8 activation, we used a reporter construct (pHluorin-VAMP8) that contains a pH-sensitive green fluorescent protein (GFP) within the cytoplasmic compartment of the mucin granule ([@B20]). Previous studies have shown that the tight packaging of mucin within the mucin granule is highly pH dependent and that low (\~5.4) pH is critical in compacting mucin ([@B21]). When a mucin granule undergoes exocytosis, the luminal pH (\~7.4) allows the unfolding of mucin and allows pHluorin to increase fluorescence. Using live-cell imaging of pHluorin-VAMP8 and MUC2CK-mRuby2 transfected cells, we observed colocalization of VAMP8 with MUC2^+^ granules within the cytoplasm in basal cells (see [Movie S1](#movS1){ref-type="supplementary-material"} in the supplemental material) ([@B22]). Basally, these granules localize to areas in close proximity to the plasma membrane; however, exocytosis events are rare, as evidenced from a lack of VAMP-pHluorin fluorescence despite the occurrence of vesicle docking. However, following stimulation with *E. histolytica*, VAMP8 polarized to a central region within the cytoplasm surrounding a large MUC2^+^ organizing center ([Movie S2](#movS2){ref-type="supplementary-material"}). There was a 4-fold increase in VAMP8 fluorescence following treatment with *E. histolytica* at up to 40 min postinfection, and VAMP8 was observed in contact in the plasma membrane ([Fig. 1D](#fig1){ref-type="fig"}). Interestingly, the compartment containing mucin granules increased in size drastically following stimulation with *E. histolytica*, suggesting compound mucin exocytosis. This activation state of VAMP8 was prolonged; VAMP8-pHluorin reached peak fluorescence at 20 min following *E. histolytica* contact and continued facilitating compound exocytosis maximally up to 40 min. Although we observed a reduction in MUC2 fluorescence within the VAMP8 granule compartment, a result highly suggestive of MUC2 content emptying, we cannot ascertain whether or not this was due to photobleaching. To confirm activation of VAMP8 following *E. histolytica* treatment, we isolated lipid raft domains from control, phorbol myristate acetate (PMA)-, and *E. histolytica*-stimulated LS174T cells. Previous studies have shown that upon exocytosis, various SNARE components are localized to lipid raft domains ([@B23]). Given that VAMP8 does not normally associate with the plasma membrane basally due to its cytoplasmic localization, VAMP8 present in lipid raft domains served as a readout for participation in exocytosis. Indeed, control cells had very little VAMP8 present within lipid raft domains (fractions 4 to 5); however, upon stimulation with either the mucin secretagogue PMA or *E. histolytica*, VAMP8 polarized to lipid raft domains ([Fig. 1E](#fig1){ref-type="fig"}).
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LS174T cells were transiently transfected with VAMP-pHluorin GFP (green) and MUC2CK-mRuby2 (red), and the plasma membrane was labeled with CellMask Far red (Blue). Untreated LS174T cells did not localize VAMP8 to an organizing center and instead colocalized VAMP8 to MUC2 granules. Download MOVIE S1, MOV file, 0.4 MB.
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LS174T cells were transiently transfected with VAMP-pHluorin GFP (green) and MUC2CK-mRuby2 (red), and the plasma membrane was labeled with CellMask Far red (Blue) and infected with CellTracker Blue *E. histolytica* (magenta) and imaged for up to 40 min. Stimulated LS174T polarized VAMP8 was localized to a mucin-organizing center following *E. histolytica* contact, and VAMP8 fluorescence was drastically increased. Download MOVIE S2, MOV file, 1.4 MB.
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To validate these finding *in vivo*, we performed colonic loop infections with *E. histolytica* in *Vamp8*^−/−^ and *Vamp*^*+/+*^ littermate controls ([@B24]). Following 3 h of infection, tissues were fixed in Carnoy\'s fixative to preserve the mucus layer. In *Vamp*^*+/+*^ littermates, periodic acid Schiff-positive (PAS^+^) and alcian blue-positive (AB^+^) mucus secretion was observed in the surface epithelium and in the lumen of *E. histolytica*-infected loops (black arrows), whereas mucus secretion was absent in *Vamp8*^−/−^ littermates ([Fig. 2A](#fig2){ref-type="fig"}) and mucin granules were entirely retained in the goblet cells. Notably, *Vamp8*^−/−^ animals displayed aberrant granule morphology characterized by the presence of swollen goblet cells and increased numbers of goblet cells ([Fig. 2B](#fig2){ref-type="fig"}). In contrast to the *Vamp8*^*+/+*^ loops, where wheat germ agglutinin (WGA) and Muc2^+^ mucin were observed streaming out of colonic crypts (arrows), *Vamp8*^−/−^ animals lacked this secretory event ([Fig. 2C](#fig2){ref-type="fig"}). In particular, mucin was retained entirely within the swollen goblet cells in *Vamp*^−/−^ animals ([Fig. 2D](#fig2){ref-type="fig"}). These results demonstrate that VAMP8 is critical in facilitating mucus secretion and is specifically activated upon interaction with *E. histolytica in vitro*.

![Vamp8 facilitates mucin exocytosis by *E. histolytica in vivo*. (A) In a colonic loop model of infection with *E. histolytica*, *Vamp8*^−/−^ animals lacked periodic acid Schiff (PAS)-positive and alcian blue (AB)-positive mucus secretion within the lumen. (B) Quantification of Muc2^+^ goblet cells following infection with *E. histolytica* in colonic loops was performed by analyzing at least 10 histological sections using high-power microscopy (40× objective) where *Vamp8*^−/−^ mice showed significantly more goblet cells than *Vamp*^*+/+*^ littermates. (C) Unlike *Vamp*^*+/+*^ colonic loops infected with *E. histolytica*, *Vamp8*^−/−^ colonic loops lacked WGA and Muc2^+^ mucin streaming out of colonic crypts (arrows) and displayed increased levels of mucin retained within the epithelium. (D) Quantification of Muc2^+^ cells following infection with *E. histolytica* in colonic loops was performed by analyzing confocal images. *Vamp8*^−/−^ mice displayed more Muc2^+^ mucin retained within the goblet cells indicative of improper goblet cell exocytosis and increased goblet cell numbers compared to *Vamp*^*+/+*^ littermates. \*\*, *P* \< 0.01; \*, *P* \< 0.05.](mbo0051735160002){#fig2}

Lack of VAMP8 and mucin exocytosis increases *E. histolytica* contact with goblet cells. {#s1.2}
----------------------------------------------------------------------------------------

Mucus secretion serves as the first line of innate defense during *E. histolytica* infection, and lack of the predominant vesicle SNARE VAMP8 abrogates this protective effect. Critical to *E. histolytica* pathogenesis, epithelial invasion results from *E. histolytica* cytopathic effects when direct contact occurs ([@B25]). We developed a flow cytometry protocol to assess *E. histolytica* binding on LS174T monolayers following 30 min of infection. To distinguish *E. histolytica* cells from epithelial cells, *E. histolytica* was labeled with allophycocyanin (APC)-CellMask and epithelial cells were labeled with carboxyfluorescein succinimidyl ester (CFSE). In addition to the results seen with dye-based methods, *E. histolytica* also scattered in a manner distinct from that seen with LS174T cells ([Fig. 3A](#fig3){ref-type="fig"}). VAMP8KD cells express TurboRFP, allowing monitoring of knockdown. Following 30 min of infection, nonadherent *E. histolytica* was washed with phosphate-buffered saline (PBS) and the remaining cells dissociated and were analyzed by flow cytometry. VAMP8KD cells had increased levels of adherent *E. histolytica* present compared to uninduced cells ([Fig. 3B](#fig3){ref-type="fig"}). The total amount of *E. histolytica* normalized to the total number of cells was quantified as the multiplicity of infection (MOI), and VAMP8KD cells were found to have more adherent *E. histolytica* cells ([Fig. 3C](#fig3){ref-type="fig"}). Uninduced cells that retain VAMP8 expression have a functional exocytosis machinery allowing mucin to act as a decoy for *E. histolytica* binding and thus led to less epithelial contact ([Fig. 3D](#fig3){ref-type="fig"}). In contrast, VAMP8KD TurboRFP^+^ cells showed a 2-fold increase in the level of *E. histolytica* cells that directly bound (quadrant 2 \[Q2\]), and the lack of mucin secretion also affected bystander cells that were not knocked down, with an increase in the total amount of *E. histolytica* ([Fig. 3E](#fig3){ref-type="fig"}). Furthermore, the amount of *E. histolytica* directly bound to VAMP8KD cells was higher than that seen with uninduced cells ([Fig. 3F](#fig3){ref-type="fig"}). Here, proper mucin secretion mediated by VAMP8 had consequences for protection against *E. histolytica*, allowing increased contact of *E. histolytica* with epithelial cells.

![VAMP8KD increases *E. histolytica* contact with goblet cells due to aberrant mucin exocytosis. (A) LS174T cells were labeled with CFSE and infected with APC-Cellmask-labeled *E. histolytica* for 30 min, washed with PBS to eliminate nonadherent *E. histolytica*, dissociated using trypsin, and analyzed by flow cytometry. VAMP8KD cells expressed levels of TurboRFP that were directly proportional to the degree of gene silencing, where 40% of cells were knocked down. APC-*E. histolytica* scattered very differently, allowing quantification of *E. histolytica* with LS174T cells. (B) Uninduced and VAMP8KD cells were infected with *E. histolytica*, and the total amount of *E. histolytica* was analyzed by the use of APC-CellMask. (C) The multiplicity of infection (MOI) was higher in VAMP8KD cells as quantified by analysis of the ratio of the total amount of *E. histolytica* remaining after washing to the total amount of LS174T cells. (D and E) Uninduced LS174T cells (D) had less *E. histolytica* direct binding than VAMP8KD cells (E). Additionally, [Q]{.ul}2 had more *E. histolytica* bound in TurboRFP^+^ VAMP8KD cells than in uninduced cells in the same well (Q1). (F) *E. histolytica* direct binding to TurboRFP^+^ VAMP8KD cells was also higher than in uninduced cells. \*, *P* \< 0.05.](mbo0051735160003){#fig3}

Increased association of *E. histolytica* in cells lacking VAMP8 leads to cytopathic effects and apoptosis. {#s1.3}
-----------------------------------------------------------------------------------------------------------

A prerequisite for *E. histolytica* pathogenesis is direct binding resulting in *E. histolytica* killing target cells and overcoming epithelial barrier function. In the absence of VAMP8 and subsequent mucin exocytosis, *E. histolytica* binds to epithelial cells and induces monolayer destruction ([Fig. 4A](#fig4){ref-type="fig"}). To emphasize this event, we used a MOI that was 5 times higher than that used in the secretion experiments and extended the infection period to 4 h to assess monolayer destruction. Apoptosis was assessed by Western blotting using the classical markers cleaved caspase 3 and 9 and poly (ADP-ribose) polymerase (PARP), where VAMP8KD cells showed increased cleavage that occurred in a time-dependent fashion compared to uninduced cells *in vitro* ([Fig. 4B](#fig4){ref-type="fig"}). These findings held true *in vivo* in the colonic loop model, where *Vamp8*^−/−^ animals showed increased caspase 3 and 9 cleavage at 3 h postinfection ([Fig. 4C](#fig4){ref-type="fig"}). Apoptosis in *Vamp8*^−/−^ animals was quantified by densitometry, where there was an increase in both caspase 3 and caspase 9 levels with no Vamp8 expression ([Fig. 4D](#fig4){ref-type="fig"}). To further confirm apoptosis *in vivo*, we performed a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labelling (TUNEL) assay to detect DNA fragmentation following infection with *E. histolytica*. *Vamp8*^−/−^ animals displayed TUNEL^+^ apoptotic cells at the apical surface of the epithelium following infection with *E. histolytica* (white arrows); however, *Vamp8*^*+/+*^-infected littermates did not ([Fig. 5A](#fig5){ref-type="fig"}). We routinely observed numerous TUNEL^+^ cells within the lumen of both *Vamp8*^*+/+*^ and *Vamp8*^−/−^ animals as a confirmation that the staining was specific. Abundance of TUNEL^+^ apoptotic cells was assessed on numerous confocal images and quantified, with the results showing that *Vamp8*^−/−^ animals had increased apoptosis compared to *Vamp8*^*+/+*^ littermates ([Fig. 5B](#fig5){ref-type="fig"}). This phenomenon was specific during acute infection, as *Vamp8*^*+/+*^ and *Vamp8*^−/−^ control tissues did not show any differences in TUNEL^+^ cells ([Fig. 5C](#fig5){ref-type="fig"}). These results demonstrate that VAMP8 mediates protection of the epithelium through facilitation of mucin secretion and that a lack of this protective effect leads to increased levels of *E. histolytica* cytopathic effects.

![Lack of VAMP8 allows *E. histolytica* cytopathic effect and induced apoptosis. (A) LS174T cells were infected with *E. histolytica*, and the cytopathic effect was assessed by methylene blue staining after 4 h. VAMP8KD cells showed increased cytopathic killing of the monolayer compared to uninduced cells. (B) VAMP8 and classical apoptosis markers were assessed by Western blotting at various time points of infection with *E. histolytica*. VAMP8 expression was absent in induced cells; however, levels of cleaved caspase 3 (Casp3), caspase 9 (Casp9), and PARP were increased in a time-dependent manner with no spontaneous apoptosis detected in uninfected cells. C, control. (C) There were increased levels of cleaved caspase 3 and 9 in *E. histolytica*-infected *Vamp8*^−/−^ colonic loops, whereas cleavage was absent in *Vamp8*^*+/+*^ colonic loops. (D) Densitometry was performed to assess increased apoptosis in *Vamp8*^−/−^ loops. \*\*\*, *P* \< 0.001; \*, *P* \< 0.05; NS, not significant.](mbo0051735160004){#fig4}

![*Vamp8*^−/−^ leads to increased apoptosis *in vivo*. (A) *E. histolytica*-infected colonic loops were analyzed by TUNEL assay for DNA fragmentation, a hallmark of apoptosis, At 3 h postinfection, *Vamp8*^−/−^ mice showed increased TUNEL staining and apoptosis at the apical surface of the epithelium (arrows) compared to *Vamp*^*+/+*^ littermates. (B) Quantification of TUNEL^+^ cells within the epithelium was done, and the results were normalized to the total number of DAPI^+^ cells. *Vamp8*^−/−^ mice showed significantly greater numbers of TUNEL^+^ cells following infection with *E. histolytica*. (C) *Vamp8*^−/−^ did not show spontaneous basal apoptosis. Uninfected control tissues were stained for TUNEL analysis, and no differences between WT and *Vamp8*^−/−^ mice in the levels of TUNEL^+^ cells were observed. \*\*, *P* \< 0.01.](mbo0051735160005){#fig5}

Proinflammatory responses are exacerbated in *Vamp8*^−/−^ mice due to a lack of mucin release. {#s1.4}
----------------------------------------------------------------------------------------------

In response to an invading pathogen, the host mounts a proinflammatory response characterized by acute cytokine release. We have previously shown that IL-1α and IL-1β are specifically released by macrophages upon *E. histolytica* contact during *E. histolytica* infection ([@B17], [@B26]). Accordingly, we hypothesized that increased *E. histolytica* contact with the epithelium and apoptosis would result in an exacerbated proinflammatory response in *Vamp8*^−/−^ mice because of the lack of the protective effects of the mucus barrier. Indeed, luminal exudates and tissue lysates from colonic loops infected with *E. histolytica* showed increased IL-1α, IL-1β, and TNF-α levels in *Vamp8*^−/−^ animals compared to *Vamp8*^*+/+*^ littermates ([Fig. 6A](#fig6){ref-type="fig"} to [C](#fig6){ref-type="fig"}). Interestingly, a significant increase in the levels of RANTES and eotaxin and elevated levels of gamma interferon (IFN-γ) were also seen in *Vamp8*^−/−^ mice in response to *E. histolytica*. Several other cytokines and chemokines were assessed by multiplex assays; however, the differences between the results seen with the *Vamp8*^−/−^ and *Vamp8*^*+/+*^ mice were not significant.

![Lack of Vamp8 increases proinflammatory responses *in vivo*. Luminal exudates and full-thickness colonic tissues (lysates) were analyzed by both ELISA and multiplex assay to assess expression levels of (A) Il-1α, (B) IL-1β, (C) TNF-α, (D) RANTES, (E) eotaxin, and (F) IFN-γ following *E. histolytica* infection of colonic loops at 3 h postinfection. *Vamp8*^−/−^ mice showed increased proinflammatory cytokine expression compared to *Vamp8*^*+/+*^ littermates; however, the results were not statistically significant for Th1 cytokines. \*\*, *P* \< 0.01; \*, *P* \< 0.05.](mbo0051735160006){#fig6}

DISCUSSION {#s2}
==========

We describe here for the first time how classical exocytosis modulates mucin secretion from intestinal goblet cells. This study focused on the primary R-SNARE VAMP8 present on mucin granules that facilitated mucin exocytosis. Numerous R-SNAREs have been described in mammalian cells, including seven vesicle-associated membrane proteins; however, studies of mast cell degranulation, pancreatic acinar, and islet beta cell insulin exocytosis led to the hypothesis that either VAMP2 or VAMP8 plays a role in nonneuronal exocytosis of mucin ([@B27], [@B28]). In support of this hypothesis, we observed undetectable protein and mRNA levels of VAMP2 and specific localization of VAMP8 to mucin granules. Other studies have alluded to a direct interaction between VAMP8 and the previously identified MARCKS protein present on mucin granules and participating in airway mucus exocytosis ([@B29]). Accordingly, this interaction then facilitates constitutive and stimulated release of mucin in the airways through interaction with SNAP23 and Munc18b. We have recently shown that MARCKS was directly phosphorylated and activated on mucin granules following *E. histolytica* CP5 (EhCP5) ligation to integrins ([@B15]). Continuation of that work in the current study showed that this pathway precedes VAMP8 mucin granules undergoing exocytosis. Given that many pathogens are likely to activate signaling cascades in various manners, we believe that all the pathways converge on VAMP8-mediated exocytosis. This model of mucin-induced exocytosis therefore has broad application to various pathogens that stimulate mucin secretion. Specifically, mucin has been shown to be critical in limiting *Salmonella* burden and epithelial dysfunction *in vivo* ([@B30]). Additionally, several bacteria toxins, including listeriolysin O from *Listeria monocytogenes* and cholera toxin from *Vibrio cholerae*, have been shown to induce mucin secretion by unknown mechanisms ([@B31], [@B32]). Regardless of the presence or absence of calcium- or PKC-dependent signaling, VAMP8 may participate in mucin exocytosis. Numerous studies have demonstrated that both Ca2^+^ and PKC agonists, classically, calcium ionophore and PMA, are potent mucin secretagogues ([@B33]). As several SNARE chaperones that mediate R-SNARE complex formation with Q~abc~ SNAREs can be targets of calcium and PKC, this promiscuity of exocytosis activation likely represents a protective mechanism used to deal with a broad range of threats ([@B34]).

Breakdown of the mucus barrier has been well described to exacerbate disease and has grave consequences for barrier function basally and in response to various pathogens. In studies using experimental colitis, *Muc2*^−/−^ and Winnie-misfolded Muc2 animals are highly susceptible to dextran sulfate sodium (DSS)-induced colitis ([@B35], [@B36]). Loss of the protective functions of mucin ultimately leads to increased apoptosis of the mucosa and subsequent proinflammatory infiltrate formation. In *E. histolytica* disease pathogenesis, loss of MUC2 during infection leads to tight junction permeability and proinflammatory responses predominantly due to the *E. histolytica* virulence factor EhCP5 ([@B10]). Attaching and effacing pathogens such as *Citrobacter rodentium* also cause increased pathogenesis and mortality in mice lacking mucin as demonstrated in *Muc2*^−/−^ animals ([@B9]).

Proteomic approaches have elucidated numerous mucin granule-associated proteins within intestinal and airway goblet cells ([@B37], [@B38]). In airway goblet cells, a myriad of actin-associated proteins, including myosin, ARP2/3, and MARCKS, have been identified ([@B39]). A plausible hypothesis for this actin dependency is that it could be structural or associated with trafficking or contraction of the goblet cell theca to prime exocytosis. We have observed an actin ring around the theca of mucin granules *in vitro* in support of this hypothesis. Coordination of the activity of HSP70 and cysteine string protein (CSP) in priming of vesicles during exocytosis, thus facilitating protein complex assembly, has also been previously identified ([@B37]). In support of the idea of the involvement of classical exocytosis in coordinating mucin secretion, several Rab proteins, including Rab3 and Rab27, that are implicated in exocytosis of neuronal cells have been shown to associate with mucin granules ([@B40]). These Rab proteins have a role in participating in calcium-mediated exocytosis, whereby Rab3 has been shown to associate with the Munc13-RIM complex to prime vesicles. These Rab proteins also participate in vesicle trafficking, where Rab3 binds myosin V~a~ for transportation along actin filaments ([@B40]). Vamp7 and Vamp8 have been identified on mucin granules in proteomic studies in which both colocalized to mucin granules within the goblet cell theca ([@B38]). While VAMP8 was specifically activated in response to *E. histolytica*, the localization around a mucin-organizing center was surprising. VAMP8 colocalized basally to mucin granules as predicted; upon stimulation, however, a supramolecular structure within the theca appeared to form. Here, VAMP8 contacted the plasma membrane and facilitated mucin exocytosis as evidenced by the increase in the luminal pH (5.4 to 7.4) of mucin granules ([@B21]). This phenomenon is strikingly similar to the secretion of von Willebrand factor (VWF) from endothelial cells. VWF and mucin possess similar structural components, given that they are both heavily glycosylated and are polymeric. Within endothelial cells, VWF vesicles coalesce into supramolecular cytoplasmic regions called Weibel-Palade bodies destined for exocytosis ([@B41]). *In vitro*, our results demonstrated that similar mechanisms are likely involved within goblet cells, thus providing the fast secretion required to fend off a pathogen. *In vivo*, the observation that mucin granules are relatively large (approx 1 μm) could account for granule-granule fusion, as the vesicles that leave the Golgi compartment are clearly not this size. Strikingly, the morphology of mucin granules in *Vamp8*^−/−^ animals is drastically irregular in comparison to the highly ordered "grape" organization in *Vamp*^*+/+*^ littermates. This is likely the result of abolishment of apical exocytosis due to a lack of Vamp8, resulting in mucin granules arrested within the theca and leading to bloating of the goblet cells and coalesced granules. Regardless, if mucin granules form a supramolecular structure or undergo granule-granule fusion, these mechanisms ultimately result in an increase in the speed of exocytosis as the rate-limiting step in exocytosis is the availability of SNARE association on the plasma membrane for docking ([@B40]). The presence of larger vesicles inherently increases the rate at which vesicular content can be released.

In the context of *E. histolytica* infection, induced mucus secretion by goblet cells is clearly a protective mechanism to spatially fend off potentially invading parasites. Abolishment of exocytosis in goblet cells by silencing VAMP8 expression or in *Vamp8*^−/−^ animals leads to abrogated mucin secretion and increased *E. histolytica* adherence. We suspect that host killing in epithelial cells is mediated through amoebapore apoptosis, as long-term (\>60-min) live-cell imaging revealed membrane blebbing of LS174T cells. It has been well characterized that this process occurs in a caspase 3-dependent manner and follows classical apoptosis leading to DNA fragmentation ([@B42], [@B43]). Indeed, caspase 3 was specifically cleaved both *in vitro* and *in vivo*, and the process culminated in DNA fragmentation detected by TUNEL staining. Trogocytosis has emerged has an alternative method of cell killing; however, we rarely observed trogocytosis in epithelial cells by staining with plasma membrane dyes ([@B44]). This result was likely due to the organization of the host cytoskeleton and junctional complexes, which does not permit drastic flexibility in the plasma membrane, especially when LS174T cells are grown in monolayers. Calcium influx induced by *E.  histolytica* has been shown to drive amoebapore-dependent apoptosis in cells ([@B44]). Our previous studies showed that at early time points (\<10 min), *E.  histolytica* induced little to no influx of calcium in LS174T cells; however, longer durations and higher MOIs have yet to be investigated ([@B15]). Additionally, we do not believe that the release of mucin from apoptotic cells as seen with *Vamp8*^−/−^ animals is either functional or relevant. First, in all secretion experiments, lactate dehydrogenase (LDH) levels were measured and were less than 5% due to an optimized MOI of *E. histolytica*. Second, proper secretion of mucin by regulated exocytosis is critical for mucin structure/function ([@B22]). Due to improper hydration, vesicle lysis into the luminal milieu does not result in mucin having the same protective features.

A requirement for intestinal amoebiasis is penetration of *E. histolytica* past mucosal epithelial cells and association within the lamina propria ([@B45]). Mouse models of *E. histolytica* infection poorly interrogate this event; however, it is clear that impairment of VAMP8 mucin exocytosis exacerbates this event. The resulting proinflammatory responses elicited by the host are likely mediated by macrophages and dendritic cells present in the lamina propria through direct or indirect contact mechanisms. In support of this, we have previously demonstrated that virulence factors EhCP5 and Gal lectin are fundamental in activation of the NLRP3 inflammasome, resulting in IL-1α and IL-1β secretion ([@B17], [@B26]). Indeed, the level of secretion of these inflammasome-dependent cytokines was increased in *Vamp8*^−/−^ animals compared to *Vamp8*^*+/+*^ littermates during acute *E. histolytica* infection. In addition, tumor necrosis factor alpha (TNF-α) secretion has been implicated in worsened disease outcome during *E. histolytica* pathogenesis whereas IFN-γ secretion is protective ([@B45], [@B46]). *Vamp8*^−/−^ acutely exposed to *E. histolytica* showed a slight increase in TNF-α secretion levels and very low levels of IFN-γ (in terms of pictograms per milliliter secreted). This secretion likely occurs through indirect contact of *E. histolytica* with macrophages in the lamina propria, as several amoebic components, including lipopeptidophosphoglycan (LPPG) and *E. histolytica* DNA, can stimulate TNF-α secretion *in vitro* through the presence of Toll-like receptor 2 (TLR2) and TLR4, respectively ([@B47], [@B48]). Secretion of TNF-α and other proinflammatory cytokines may occur through activation of NF-κB by EhCP5 ([@B49]). This is also associated with worsened disease outcome, while levels of Th1 cytokines such as IFN-γ and Il-12p40 were low in a previous study ([@B50]). Taken together, these results demonstrate that *Vamp8*^−/−^ animals have increased susceptibility to *E. histolytica* infection due to improper mucin exocytosis in goblet cells.

MATERIALS AND METHODS {#s3}
=====================

Cell culture and animal studies. {#s3.1}
--------------------------------

Human adenocarcinoma colonic goblet cells (LS174T \[ATCC CL-188\]) were subjected to routine passage through nude mice to maintain a high-mucin phenotype ([@B51]). The LS174T cells were cultured in Eagle\'s minimum essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS), 20 mM HEPES, and 100 U/ml penicillin/streptomycin. The LS174T cells were passaged with 0.25% trypsin-EDTA (Thermo) once cells reached 90% confluence. For secretion experiments, LS174T cells were seeded in 24-well plates in triplicate at a density of 5 × 10^4^ and cultured until a confluent monolayer was formed. For biochemical assays, 8 × 10^5^ cells/well were seeded in 6-well plates and allowed to reach 70% confluence. For lentivirus silencing of VAMP8, LS174T cells were seeded in 24-well plates and infected with lentivirus containing transfer plasmid pTRIPZ-VAMP8 (CloneID: V2THS_23739) at an MOI of 10. Transduced cells were routinely sorted by FACS analysis for TurboRFP expression to maintain knockdown. Uninduced and doxycycline (2µg/ml)-treated LS174T cells were cultured separately to suppress expression of VAMP8, which has a long half-life. This also allowed off-target effects of sorting, selection, and lentivirus presence to be controlled for. Additionally, pTRIPZ lentivirus-inducible shRNA control particles (catalog no. RHS4827) were also transduced into LS174T; in all experiments, these behaved identically to the uninduced VAMP8KD cells and the wild-type (WT) LS174T cells. The WT LS174T cells and pTRIPZ control LS174T cells were not affected by the presence of doxycycline with respect to mucin secretion.

Six-to-8-week-old *Vamp8*^*+/+*^ and *Vamp8*^−/−^ littermates on an SV129 background were bred in-house and used for colonic loop infections with *E. histolytica* as previously described ([@B24]). Mice were kept in sterilized, filter-top cages and were maintained under specific-pathogen-free conditions with food and water available *ad libitum*. For *E. histolytica* infections, a laparotomy was performed on anesthetized mice to expose the proximal colon, and a colonic loop was created by suturing from the cecum-colon junction 3 cm down the length of the colon. Mice were then infected with 1 × 10^6^ log-phase *E. histolytica* cells mixed with 100 µl of PBS; sham infection animals received only PBS. Infections were carried out for 3 h, with animal welfare carefully monitored. All studies were approved by the University of Calgary Animal Care Committee.

Cultivation and harvesting of *E. histolytica.* {#s3.2}
-----------------------------------------------

*E. histolytica* (HM1:IMSS; ATCC) cells were cultured in TYI-S-3 medium containing 100 U/ml penicillin/streptomycin at 37°C under axenic conditions ([@B52]). After 72 h, logarithmic-growth-phase *E. histolytica* cultures were harvested by chilling on ice for 9 min, pelleted at 200 × *g*, and washed two times with PBS. *E. histolytica* cells were subjected to routine passage through the liver of gerbils to maintain high virulence ([@B52]).

Reagents and cytokine quantification. {#s3.3}
-------------------------------------

All reagents were purchased from Sigma-Aldrich unless otherwise specified. Bisindolylmaleimide I was purchased from Cayman Chemical. \[^3^H\]glucosamine was purchased from PerkinElmer. All fluorescent reagents, including WGA-Alexa 647, CFSE, and CellMask Deep Red, and secondary antibodies were from Thermo. Caspase 3, caspase 9, and PARP were from Cell Signaling. Enzyme-linked immunosorbent assay (ELISA) DuoSet kits for IL-1β, IL-1α, and TNF-α as well as the anti-Vamp8 antibody were from R&D. VAMP8-pHluorin was a kind gift from Rytis Prekeris (University of Colorado), and pmRuby2-MUC2CK was synthesized by Genscript as previously described ([@B15], [@B20], [@B22]). Mouse 41-plex cytokine arrays were constructed by Eve Technologies on the basis of tissue lysates normalized to 1 mg/ml.

Confocal microscopy. {#s3.4}
--------------------

For colonic loop studies, tissues were fixed in Carnoy\'s fixative, embedded in paraffin, and sectioned at 7 μm. After rehydration of tissue sections through an ethanol gradient, sections were permeabilized with 0.2% Triton for 5 min, blocked with normal donkey serum, and incubated with an anti-Muc2 antibody (H-300; Santa Cruz) overnight at 4°C. The following day, samples were washed thrice with Tris-PBS (TPBS)--0.2% bovine serum albumin (BSA) and stained with secondary antibodies, DAPI (4′,6-diamidino-2-phenylindole), and WGA-Alexa 647 for 1 h at room temperature. After three washes, sections were mounted in FluoroSave (CalibroChem) and imaged on an Olympus FV1000 confocal scanning microscope. TUNEL staining (ApopTag; Millipore) was carried out according to the instructions of the manufacturer with the inclusion of proteinase K antigen retrieval and Triton permeabilization. Live-cell imaging was performed by transfecting LS174T cells for 24 h with pHluorin-VAMP8 and pmRuby2-MUC2CK using JetPrime. Five minutes prior to imaging, transfected cells were labeled with CellMask Deep Red and subsequently washed. Simultaneously, *E. histolytica* cells were labeled with CellTracker Blue for 30 min at 37C and washed twice with PBS. Transfected LS174T cells were infected with *E. histolytica* at an MOI of 0.2 and continuously imaged for up to 1 h on a Nikon A1R resonant scanner at 37C. Quantification of pHluorin-VAMP8 was done by selecting a region of interest (ROI) containing mucin and plotting GFP intensity in Nikon Elements. Quantification of goblet cell abundance and mucin content from colonic loop still images was done in ImageJ by selecting an ROI containing the epithelium and plotting the total intensity/unit area or by counting DAPI^+^ nuclei and plotting total intensity/average cell intensity. A minimum of 500 cells were analyzed for all quantifications performed with intestinal tissue. Figures were generated in Adobe Photoshop CS5.

Quantification of mucin secretion. {#s3.5}
----------------------------------

Newly synthesized LS174T mucin was metabolically labeled with 2 μCi/ml of \[^3^H\]glucosamine for 24 h prior to the mucin secretion experiments. Cells were washed twice with PBS and media to remove free \[^3^H\]glucosamine and replaced with serum-free EMEM. For kinase inhibitor experiments, cells were pretreated for 30 min with 10 µM BIM1, and the original media were replaced with fresh media. All secretion experiments were carried out for 2 h at 37°C, after which 80% of the cell supernatant was loaded into scintillation vials for counting. The LS174T cells were infected at an MOI of 0.2 for all secretion experiments. Unless otherwise noted, control baselines were established from untreated WT LS174T cells.

Immunoblotting. {#s3.6}
---------------

LS174T cells were washed 3 times with PBS and resuspended in lysis buffer containing 20 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 10 μM E-64, and protease inhibitor cocktail (Roche) followed by sonication. For tissue lysates, colons were lysed in lysis buffer containing 20 mM Tris-HCl, 0.5% Tween 20, 150 mM NaCl, and protease inhibitor cocktail followed by homogenization and sonication. Protein content was determined by bicinchoninic acid (BCA) assay according to the instructions of the manufacturer (Thermo). A 20-μg volume of protein lysate was suspended with Laemmli sample buffer and boiled with 5% β-mercaptoethanol (BME). Samples were run on reducing 10% polyacrylamide Tris gels and transferred to 0.2-μm-pore-size nitrocellulose. Membranes were blocked with 5% nonfat milk, washed with PBST, and incubated with primary antibodies in PBST--3% BSA overnight at 4°C. The following day, membranes were washed 3 times with PBST and incubated for 1 h at room temperature with secondary horseradish peroxidase (HRP) antibodies--5% nonfat milk followed by detection with ChemiLucent ECL on film.

*E. histolytica* adherence assay. {#s3.7}
---------------------------------

LS174T and VAMP8KD cells were seeded in 6-well dishes at a density of 1 × 10^6^ cells/well. After 24 h, cells were labeled with 2.5 μM CFSE for 15 min and washed prior to infection with *E. histolytica* at an MOI of 1. *E. histolytica* cells were labeled with CellMask Deep Red for 5 min at a 1:1,000 dilution followed by washing with PBS. After 30 min of infection, wells were washed twice with PBS to remove nonadherent *E. histolytica* cells and dissociated with trypsin. Cell suspensions were washed with FACS buffer (PBS--2% FBS--2 mM EDTA), filtered through a 100-μm-pore-size filter, and analyzed on a BD Canto system. Unlabeled *E. histolytica* and LS174T cells were used to establish forward scatter/side scatter (FSC/SSC) gating whereby epithelial cells and *E. histolytica* cells scattered distinctly in addition to their respective dyes. Data were analyzed in FlowJo.

Monolayer destruction assay. {#s3.8}
----------------------------

LS174T and VAMP8KD monolayers seeded in 24-well plates were infected with *E. histolytica* at an MOI of 1 for 4 h at 37°C. Wells were washed thrice with PBS and fixed in 2.5% glutaraldehyde for 1 h. Following extensive washing with PBS, cells were stained with 0.1% methylene blue--10 mM borate buffer and washed thrice in borate buffer. Methylene blue was extracted with 0.1 M HCl isopropanol and read at 650 nm in a spectrophotometer.

Lipid raft flotation. {#s3.9}
---------------------

LS174T cells were seeded into 100-mm-diameter dishes at a density of 2.5 × 10^6^ cells/dish and allowed to reach 90% confluence. Monolayers were infected with *E. histolytica* at an MOI of 0.2 and incubated at 37°C for 2 h. Cells were then washed thrice with PBS and harvested in a buffer containing 25 mM MES (morpholineethanesulfonic acid), 150 mM NaCl, and protease inhibitor cocktails at pH 6.5. Lysis was carried out by passing cells through a Dounce homogenizer 25 times, and the lysate was precleared at 1,000 × *g*. Solubilized cells were titrated to 40% sucrose and overlaid in MES buffer with 30% sucrose followed by 5% sucrose. Ultracentrifugation at 240,000 × *g* in an SW-40 Ti rotor was carried out for 18 h, and 1-ml fractions were collected. Here, the lipid rafts floated to fractions 4 to 5 between the 30% and 5% sucrose layers whereas the nonraft components stayed in the 40% sucrose layer near the bottom of the gradient (fractions 8 to 11).

Statistics. {#s3.10}
-----------

All data shown are representative of three independent experiments unless otherwise noted. Data and graphs were plotted in Prism GraphPad, and significance was calculated by either analysis of variance (ANOVA) or the Student *t* test. Statistical significance was defined as *P* values of \<0.05, with all results displayed as means ± standard errors of the means (SEM).
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